We have surveyed four of the globular clusters in the Fornax dwarf galaxy (clusters 1, 2, 3, and 5) for RR Lyrae stars, using archival F555W and F814W Hubble Space Telescope observations. We identify 197 new RR Lyrae stars in these four clusters, and 13 additional candidate horizontal branch variable stars. Although somewhat restricted by our short observational baseline, we derive periods and light-curves for all of the stars in the sample, and calculate photometric parameters such as mean magnitudes and colours. This is the first time that RR Lyrae stars in the Fornax globular clusters have been quantitatively identified and measured. We find that the Fornax clusters have exceptionally large specific frequencies of RR Lyrae stars, in comparison with the galactic globular clusters. It is likely that Fornax 1 has the largest specific frequency measured in any globular cluster. In addition, the Fornax clusters are unusual in that their RR Lyrae populations possess mean characteristics intermediate between the two Oosterhoff groups defined by the galactic globular clusters. In this respect the RR Lyrae populations in the Fornax clusters most closely resemble the field populations in several dwarf galaxies. Fornax 5 has an unusually large fraction of RRc stars, and also possesses several strong RRe (second overtone pulsator) candidates.
INTRODUCTION
The Fornax dwarf galaxy is one of the most massive of the dwarf spheroidal (dSph) galaxies associated with the Milky Way (second only to the disrupted Sagittarius dSph), and the only undisturbed local galaxy to possess globular clusters (although Kleyna et al. (2003) have recently suggested the presence of a disrupted cluster in the Ursa Minor dSph). In this respect Fornax is somewhat unusual, because its population of five means that it has the highest specific frequency of globular clusters for any known galaxy.
⋆ E-mail: dmackey@ast.cam.ac.uk As summarized by Strader et al. (2003) , although small in number, this globular cluster system is remarkably complex. Buonanno et al. (1998b; 1999) have shown that clusters 1, 2, 3, and 5 appear coeval with both each other and the metal-poor galactic globular clusters, and that cluster 4 may be up to three gigayears younger. Strader et al. (2003) suggest that Fornax 5 may also be slightly younger. It has also been found (Smith et al. 1996; Buonanno et al. 1998b ) that the Fornax globular clusters show evidence of the second parameter effect, whereby another parameter in addition to metallicity appears to define the morphology of the horizontal branch in a cluster. It is often assumed that age is the second parameter; however, if the age measurements listed above are correct, then it is possible that age is not the sole second parameter in the Fornax clusters. We (Mackey & Gilmore 2003b) have studied the surface brightness profiles of the Fornax globular clusters, and find a large amount of variation in the cluster structures -ranging from an extremely extended cluster (Fornax 1), to a strong post corecollapse candidate (Fornax 5) . Evidently the Fornax cluster system is highly complicated; however both this complexity, and the system's isolated nature provide unique opportunities for addressing the outstanding difficulties in our understanding of globular cluster formation and evolution. The Fornax globular clusters are therefore worthy of detailed study.
Much can be learned about a stellar population from the variable stars within that population, and given the relatively close proximity of the Fornax dwarf, it is perhaps surprising that a detailed investigation of stellar variability in its clusters has not been undertaken. In fact, we can find no quantitative identification and measurements of any variable stars in these objects in the literature -only several passing mentions of possible RR Lyrae detections exist (Buonanno et al. 1985; Demers et al. 1990; Buonanno et al. 1996; Smith et al. 1996; Smith et al. 1997; Buonanno et al. 1998b) , along with one short article describing a survey in progress, and including cluster 3 (Maio et al. 2003) .
In the process of obtaining photometry for colour-magnitude diagrams from archival Hubble Space Telescope observations, we noticed the possibility of surveying four of the Fornax globular clusters for RR Lyrae stars. We present here the results of this survey, which has been successful beyond our original expectations. We have discovered 197 RR Lyrae stars in the four clusters (Fornax 1, 2, 3, and 5), as well as 13 candidate horizontal branch variables. We describe the data and our survey strategy in Section 2, and present light curves and mean properties for each star in Section 3. Finally, we have been able to use the RR Lyrae discoveries to measure detailed information about each of the four clusters under consideration. This discussion is presented in Section 4.
OBSERVATIONS AND REDUCTIONS

Data
Wide Field Planetary Camera 2 (WFPC2) observations of four of the globular clusters in the Fornax dwarf galaxy (clusters 1, 2, 3, and 5, according to the notation of Hodge (1961) ) are available in the HST archive (Program ID 5917). These observations were made between 1996 June 4 and 1996 June 6, through the F555W and F814W filters. The observational details are listed in Table 1 .
Each cluster was imaged 14 times in F555W and 16 times in F814W, with individual exposure durations ranging from 160 − 600s, and 120 − 900s, respectively. Long total integration times are necessary because of the faintness of the Fornax globular clusters, which have distance moduli (m−M )0 ∼ 20.68 (Buonanno et al. 1999) . The image sampling, presumably primarily intended to facilitate the removal of cosmic rays over the long integrations, renders the data suitable for identifying sources with short period variability, such as RR Lyrae stars. The exposure durations complement such identification, with horizontal branch (HB) stars being among the brightest stars in each image, and neither saturated nor overly faint in any image. Furthermore, observations through the two filters are interleaved, so that for any given F555W observation, it is possible to find an F814W image with a similar exposure duration and an observation date matching to ±0.02 days. Such pairing of images allows colour information over a star's variability cycle to be measured.
Although otherwise well suited for an RR Lyrae star search, the data have very short baselines of observation. This means that while variability can be easily detected, period determination is not straightforward -especially for RRab type variables, which typically have periods in the range 0.4 − 1.1 days. Unless such stars are fortuitously measured at a critical region of their light curve, the under-sampling renders accurate period determination virtually impossible. The shorter cycle RRc type variables, which have periods of 0.2 − 0.5 days, are more suited to the observation baselines. We will return to the question of period determination in Section 2.4.
Finally, we note that there also exist archival WFPC2 observations of Fornax cluster 4 (Program ID 5637). However, the data consist of only three images per filter, and given the significant crowding and field star contamination for this cluster, were not suitable for the present RR Lyrae work. We do not consider Fornax 4 further.
Photometry
All WFPC2 images we retrieved from the HST archive underwent preliminary reduction according to a standard pipeline, using the latest available calibrations. For photometric measurements from these calibrated images we used Dolphin's HSTphot (Dolphin 2000a) . This is a photometric package specifically designed for use on WFPC2 data. In particular, it uses a library of point spread functions (PSFs) tailored to account for the undersampled WFPC2 PSFs, allowing very accurate stellar centroiding and photometry.
Before running HSTphot, we completed several preprocessing steps. For each cluster, a reference image was identified (these are listed in Table 1 ) and all other images aligned with this image. This was achieved using the IRAF task IMALIGN, treating each image offset as a simple x-and y-shift. This is perfectly adequate for the present data -each image for a given cluster is offset from the reference image due to a simple dithering pattern of several pixels. There are no significant higher order distortions to account for.
Next, we used the utility software accompanying HSTphot to mask image defects (such as bad pixels and columns), calculate a background sky image (for use in the photometry calculations), and attempt to remove cosmic rays and unmasked hot-pixels. We then made photometric measurements on each image using HSTphot in PSF fitting mode (as opposed to aperture photometry mode). We set a minimum threshold for object detection of 3σ above the background. We also enabled two additional features of HSTphot. First, we elected to calculate a local adjustment to the background image before each photometry measurement, using the pixels just beyond the photometry radius (Dolphin 2000a ). This helped account for regions of rapidly varying background, such as near the centres of the very crowded clusters 3 and 5. Second, we chose to run artificial star tests in conjunction with the photometry measurements. This option generates a large number of "fake" stars on a CMD, places them one at a time on the image, and solves each just as if it were a real star. This allows quantitative estimates of detection completeness as a function of a star's magnitude, colour, and position in a cluster.
For each photometric measurement of a star (ideally, 14×F555W measurements and 16×F814W measurements) HSTphot output nine parameters, including flight magnitudes, standard magnitudes, and quantities characterizing the goodness-of-fit of the PSF solution (e.g., classification type, χ, S/N, and sharpness). Magnitudes from HSTphot are calibrated according to the recipe of c 2003 RAS, MNRAS 000, 000-000 Fornax 1  u30m010eb  u30m010et  0.3595  14  3×600s, 4×500s,  u30m010ib  16  2×900s, 6×700s,  3×400s, 4×160s  2×500s, 6×120s  Fornax 2  u30m020eb  u30m020et  0.3602  14  3×600s, 4×500s,  u30m020ib  16  2×900s, 6×700s,  3×400s, 4×160s  2×500s, 6×120s  Fornax 3  u30m030eb  u30m030et  0.3602  14  3×600s, 3×500s, 3×400s,  u30m030ib  16  2×900s, 6×700s,  1×378s, 4×160s  2×500s, 6×120s  Fornax 5  u30m040eb  u30m040et  0.3553  14  3×600s, 4×500s,  u30m040ib  16  2×900s, 6×700s,  3×400s, 4×160s 2×500s, 6×120s Holtzman et al. (1995) , and using the latest updates of the Dolphin (2000b) CTE and zero-point calibrations. Each magnitude is corrected to a 0. ′′ 5 aperture. HSTphot also provided mean positional information for each object, in the form of a chip number (where chip 0 refers to the PC, and chips 1 − 3 to WFC2-WFC4 respectively) and pixel coordinates relative to the frame of the reference image. These coordinates, in conjunction with the IRAF task METRIC and the cluster centres measured in Mackey & Gilmore (2003b) , allowed us to calculate the radial distance of a given object from the centre of its cluster.
We used the goodness-of-fit parameters to select only objects with high quality photometry. We retained only measurements for which an object was classified as stellar (HSTphot types 1, 2, and 3), and for which χ ≤ 2.5, S/N ≥ 3.0, −0.3 ≤ sharpness ≤ 0.3, and errors in the flight magnitude σF ≤ 0.1. After the application of this filter, we kept only stars with five or more F555W-F814W pairs of successful measurements (where a pair is defined as two observations within ±0.02 days of each other, as described in Section 2.1). We also passed the artificial star measurements through the quality filter. This allowed us to assign a detection completeness αc to each real star, by finding the fraction of successful artificial star measurements in a brightness-colour-position bin about the real star. Bin widths were 0.25 mag in brightness, 0.2 mag in colour, and 2 ′′ in radial distance from the cluster centre. As an example, we consider a typical Fornax globular cluster RR Lyrae star, of magnitude V = 21.3, colour V − I = 0.5, and radial distance r = 7
′′ . The fraction of successful artificial star measurements with 21.175 ≤ V ≤ 21.425, 0.4 ≤ V − I ≤ 0.6, and 6 ′′ ≤ r ≤ 8 ′′ defines the detection completeness for this star. We expect the completeness values so derived to be accurate to a few per cent, except for very low fractions. Values of αc less than ∼ 0.25 should be regarded with caution.
Identification of Horizontal Branch variable stars
The completion of the photometry procedure resulted in a list of stars in each cluster, each with between 5 and 14 pairs of F555W and F814W measurements. In general, most stars possessed ∼ 14 measurement pairs. Using colour-magnitude diagrams (CMDs) we selected stars in the HB region of each cluster, and determined the Welch & Stetson (1993) variability index IW S for each. This index is calculated as follows. For No epochs of observations, each resulting in measurements Vi ± σV,i and Ii ± σI,i, the weighted mean magnitudes
(1) may be computed. The variability index is then defined as:
where the normalized magnitude residuals are
The variability index therefore allows one to preferentially search for variations in photometric measurements which are correlated in the two colours being measured. For example, an RR Lyrae star will brighten and fade in both V and I, in synchronization over its pulsation cycle. Variability such as this results in a large value for IW S . In the case of random errors -for example where one or more stellar images has been impacted by a cosmic ray, causing spurious variability in one colour band, or in the case where crowding introduces large random errors into each measurement -then δVi and δIi are uncorrelated, and the expectation value of IW S is zero. We therefore selected stars for which IW S was greater than some positive constant as candidate variables. A small amount of experimentation showed IW S ≥ 3.0 to be a suitable value. The resultant candidate variable stars are shown in Fig. 1 . We identified 283 candidates in total (24, 56, 137, and 66, in clusters 1, 2, 3, and 5, respectively) . In each of the HB regions on the CMDs, the RR Lyrae strip is evident, and in most cases clearly defined on both edges. For each cluster, there also in general exist some candidate variable stars in the blue HB (BHB) region (except Fornax 1, for which no BHB extension is observed), and some along the red giant branch (RGB). Because we did not want to assume any information, a priori, about the exact limits of the instability strip on the HB, we tested all flagged variable stars equally as RR Lyrae candidates.
Light-curve fitting
The best way to identify a candidate star as an RR Lyrae, and in addition obtain quantitative information about its variability parameters, is to attempt to fit a light curve to its photometry. For very under-sampled data, such as the present measurements, this can be tricky. Eschewing elegance, the most reliable method is the simple application of brute force. We used a routine written by Andrew Layden (described in Layden & Sarajedini (2000) ; Layden et al. (1999); Layden (1998) ; and the references therein) for our period measurements.
This program works by taking a set of 10 variable star templates and attempting to fit them to the V -band photometric measurements for a number of different periods. The periods are selected by an incremental increase ∆P over a range P1 to P2. For each candidate period, the measurements are folded, and a 3-parameter fit (magnitude zero-point, phase zero-point, and lightcurve amplitude) made to each template. Six of the ten templates represent RRab type variable stars, while two represent RRc type pulsators, and two represent variable binary stars (a W Ursae Majoris contact binary, and an Algol eclipsing binary). The RRab curves (templates 1 − 6), and one of the RRc curves (template 7) are derived from high quality measured light curves, as described in Layden & Sarajedini (2000) , and Layden (1998) . The second RRc template (number 8) is a simple cosine curve. From each template fit, χ 2 is calculated. Period-template combinations with small χ 2 are likely to be the best representations of the measured data. Such a procedure works well when the sampling is spread over a much longer baseline than the period of the variable star under consideration. In the present case however, our ∼ 0.36 day baseline is in general less than one RR Lyrae pulsation cycle. For the short period (RRc) variables, which typically have P < 0.45 days, this does not pose too much of a problem. It is possible to derive a reliable period estimate for these stars, although naturally, accuracy would be greatly increased by having a baseline of many periods.
The situation is not so good for the RRab variables, which might have periods typically about twice that of our baseline. It is possible to determine a reliable period estimate for such stars, but only under certain circumstances. Specifically, it is necessary to observe the full amplitude of a star's variability (this allows the three parameters in a template fit to be well determined) and some portion of its decline from maximum (which allows discrimination between different potential periods). For a mean RRab period of 0.6 days (in which case our baseline is 0.6P ), examination of Figure  1 in Layden (1998) shows that we would observe the appropriate portion of the light curve in approximately ∼ 40 per cent of cases. For shorter period RRab stars this fraction is greater, and for longer period stars it is smaller. Another ∼ 10 − 20 per cent of the time, we might observe most of the portion of the cycle which we require, in which case the derived period will be a good estimate. In the remainder of cases, without assuming some prior knowledge of either the star's period or its amplitude, we cannot make an accurate period determination. In these incidences, we must make do with setting a lower limit to the period, which we achieve by assuming that the observed amplitude is the real amplitude of the star. The presence of these lower limits in our period measurements must be borne in mind if the data is put to any interpretive uses (see e.g., Section 4). Measurements at future epochs are required to pin down accurately the periods of such stars.
Since we were searching for RR Lyrae stars, we chose a period range of 0.2 − 1.0 days, with ∆P = 0.01 per cent. For each candidate, we examined the few fits to the V -band photometry with the smallest χ 2 . We used the I-band data as a consistency check, to verify that a fit which appeared suitable for the V -band photometry also resulted in a good I-band light-curve. In general the I-band data was of significantly poorer quality than the V -band data, so fitting templates directly to these measurements did not add useful information to the procedure. In the vast majority of cases, the V -band solution with the very smallest χ 2 provided evidently the best fit. We conservatively estimate the typical random uncertainty in any of our fitted periods to be ∼ 0.005 days. While we identified plenty of RR Lyrae stars, we did not find any stars with data clearly best fit by either of the variable binary star templates. However, given our restriction to a small portion of the CMD, and our very short observation baseline, this is not too surprising. Most of the candidate variables flagged on the BHB or RGB seemed to have either poor measurements or some form of irregular variability. Certainly none had values of IW S as large as those for typical RR Lyrae stars.
RESULTS
RR Lyrae stars
Of the 283 candidate objects, we identified 197 as RR Lyrae stars (15, 43, 99, and 40, in clusters 1, 2, 3, and 5, respectively) . For each of these stars, we obtained template fits and period measurements. The best fitting V -band light curves are presented in Fig. 2 , and the positions, periods, and fit parameters (template, rms scatter) listed in Table 2 . In this table, the coordinates (chip, Xc, Yc) are relative to the reference images listed in Table 1 , and are in units of pixels. "Chip" refers to the camera on which the star was imaged -0 is the PC, and 1 − 3 are WFC2-WFC4. The radii (r) and completeness fractions (αc) are calculated as described in Section 2.2. Nt refers to the label of the best fitting template -numbers 1 − 6 are RRab templates, and 7 − 8 are RRc templates. We consider periods marked with a star to be lower limit measurements. Note that on average, ∼ 53 per cent of RRab stars have periods which are not lower limits -in accordance with our estimate in Section 2.4. In addition, we have marked several stars with question marks next to their type. In these cases, the light curves were best fit by a template of the RR Lyrae type listed (i.e., RRab or RRc), but could be fit by Figure 2 . V -band photometric measurements and best fitting light-curves for the 197 RR Lyrae stars. In addition the V -band photometric measurements for the 13 candidate variable stars are plotted. In each plot, the hollow circles represent points which have measurement errors more than 1.5 times larger than the mean photometric error for observations of the given star. These usually represent the shortest duration exposures in each set. Typical measurement errors are just within the plotted points. This photometry is available on-line at http://www.ast.cam.ac.uk/STELLARPOPS/Fornax RRLyr/.
a template of the other RR Lyrae type almost equally as well. Further measurements are required to confirm the listed classification for these stars.
It is clear from the αc values that the only regions significantly affected by detection incompleteness are the very centres of the very crowded clusters 3 and 5. For cluster 3, completeness is significantly degraded within ∼ 4 ′′ , and there are only two detections within 2 ′′ . Cluster 5 appears even more compact (cf. Mackey & Gilmore (2003b) ), with completeness only degraded within ∼ 2 ′′ ; however, we note that there is only one detection within 1.5 ′′ .
From the best fitting light curves, we computed an intensity mean V magnitude, denoted V , and the maximum, minimum, and amplitude of the variability (V+, V−, and ∆V , respectively). We note that these quantities are in general not significantly dif- ferent from the same parameters derived directly from the V -band measurements. From the I-band measurements, we calculated the intensity mean I . No is the number of pairs of observations for a given star. The parameter
• Em is the epoch of maximum, in days since MJD 50 000. The reader should bear in mind that this parameter is derived using a star's measured period. These quantities are all listed in Table 2 .
We also characterized the colour of each RR Lyrae star. In accordance with Sandage (1990; , we have calculated the magnitude mean of the No (V − I) measurements per RR Lyrae to best represent the colour of an "equivalent static star". This quantity, (V − I), is in preference to the two possible intensity mean colours V − I and V − I . Finally, the magnitude mean colour of an RR Lyrae star at its minimum light (defined to be phases 0.5 < φ < 0.8) can be of use (see Section 4.4). For stars with measurements falling in this phase range, we also calculated this colour (denoted (V − I)m). Both colours are listed in Table 2 , together with the calculated error σm in (V − I)m, and the number of observations at minimum light Nm used in its calculation.
Finally, using the coordinates listed in Table 2 , we constructed a finder chart for each RR Lyrae star. For reasons of practicality, we have not included the full set of charts in this paper; however, some examples are displayed in Fig. 3 
Remaining candidates
In addition to these 197 objects, a further 13 stars fell within or nearby to the HB instability strip defined by the RR Lyrae stars. However, suitable template fits could not be obtained for these † . † This was generally because the shape of the variation did not match any of the templates, or because a template which fit in the V -band produced a Plots of their photometry are presented at the end of Fig. 2 . Most appear to have some form of cyclic variation, and given this and their locations on the HB, many are likely RR Lyrae stars of some sort. Their positions and completeness values are listed in Table 3 , together with the photometric parameters V , I , V+, V−, ∆V , and No. Unlike for the RR Lyrae stars, the V -band parameters for the present stars were of course calculated from the measured data. Finder charts are also available for these candidate RR Lyrae stars on-line, or by request.
Comparisons with previous work
Although we searched carefully, we were unable to find any published quantitative measurements of RR Lyrae stars in Fornax globular clusters. There has however been some work on the RR Lyrae population of the dwarf galaxy itself (e.g., Bersier & Wood (2002) ). Nonetheless, several authors have noted the inevitable presence of RR Lyrae stars in the Fornax clusters, given their well populated horizontal branches, and on several occasions detections of variability have been made.
In one of the earliest CMD studies of the Fornax clusters, Buonanno et al. (1985) located several likely HB stars with variable photometry in their sample, and interpreted these as possible RR Lyrae stars. Buonanno et al. (1996) noted the presence of 17 horizontal branch stars with variable photometry in Fornax 1, and 40 such stars in Fornax 3. They identified these as RR Lyrae stars; however there were not enough measurements to obtain significant average magnitudes. Smith et al. (1996) detected 21 candidate HB variables in Fornax 1 based on a comparison of their photometry with that of Demers, Kunkel & Grondin (1990) , who also found evidence for variability in a couple of HB stars. Similarly, Smith, very poor light curve in the I-band. In many cases, the root cause is probably poor measurements due to crowding or other contamination, combined with genuine variability c 2003 RAS, MNRAS 000, 000-000 Rich & Neill (1997) found evidence for 7 HB variables in Fornax 3, and one variable above the Fornax 3 HB. Using the WFPC2 data from the present study, Buonanno et al. (1998b) identified 8, 39, 66, and 36 candidate RR Lyrae stars in clusters 1, 2, 3, and 5, respectively, based on the fact that these stars had frame-to-frame variations greater than 3σ. These numbers are quite similar to ours, as might be expected given that we are using the same observations. However, we detect more RR Lyraes in all clusters, demonstrating the sensitivity of our search strategy. More recently, Maio et al. (2003) have described wide-field observations of a region of the Fornax dwarf, including cluster 3.
They detect 70 candidate variables in a 95
′′ × 95 ′′ box centred on this cluster, most of which lie on the HB. This is again fewer variables than we detect in Fornax 3; however, the present WFPC2 observations have superior resolution to the terrestrial wide-field observations. Maio et al. (2003) present preliminary uncalibrated light curves for two of their candidate cluster 3 RR Lyraes; however neither these nor any of their other variables are identified, and no quantification of the variability is presented.
We therefore believe that all of the 197 RR Lyrae stars and 13 candidates we describe here have been newly identified. This is the first time that calibrated light curves and variability data have been published for any RR Lyrae stars in the globular clusters in the Fornax dwarf galaxy.
Effects of under-sampling
We consider briefly here the effects that our short baselines of observation are expected to have on the RR Lyrae parameters derived from the fitted light curves. As described in Sections 2.4 and 3.1, the primary effect is that ∼ 50 per cent of the calculated RRab periods are lower limits. This has knock-on effects for most of the other quantities computed for these stars, which must be accounted for if any use is to be made of the measurements (e.g., in determining distance moduli).
For example, suppose an RRab star has a true amplitude (∆V )t = (V−)t − (V+)t and a true period of pulsation Pt. However, because of our limited baseline of observation (< Pt), we have only measured ∆V < (∆V )t for this star, and hence determined a period P < Pt (as described in Section 2.4). This will lead to a systematic error in our calculation of V from the fitted light curve. It is possible that we have sampled only the brightest portion of the light curve, so that our measurement of V+ is accurate, but in this case our assumed V− will be brighter than (V−)t and our calculated V will also be brighter than the true intensity-mean V magnitude V t. Similarly, it is possible that we have accurately measured V−, but assumed too faint a value for V+. In this case our V will be fainter than V t. For symmetric light curves, such systematic errors should average to zero over a large ensemble of stars; however RRab stars have significantly asymmetric pulsations, in that they are brighter than V t for typically only ∼ 30 − 40 per cent of a cycle. Hence, while determinations of V for each star individually may be either too bright or too faint, we expect on average that our measurements will provide values of V somewhat fainter than V t (i.e., we measure V− accurately more often than we measure V+ accurately). The same reasoning applies for calculations involving I , which are made directly from the photometry.
For stars with lower limit periods, our measurement of the magnitude-mean colour over the cycle will also suffer a systematic error. Because we will have preferentially sampled the RRab light curves around minimum light, on average a measurement of (V − I) will be redder than its true value, because minimum light is the reddest part of the pulsation cycle. We note that individual measurements may, of course, also be too blue -this is just more unlikely than a red error.
It is more complicated to estimate the effect of a lower-limit period on a measurement of (V − I)m. Only points with phases in the range 0.5 < φ < 0.8 are used in the calculation of this parameter. Since we have P < Pt, the true phase of any given point will be smaller than the phase calculated using P . Hence, it is likely that we have used points which have true phases φt < 0.5 in our calculations, and that on average our measured (V − I)m values will be too blue. We note that this effect will be small, since the rate of change of colour around the minimum of an RRab pulsation cycle is slow.
There are two ways to account for these systematic errors if any use of the derived data is made -for example, in determining the distance modulus to Fornax. The first is simply to leave the stars flagged as having lower limit periods out of the calculations. Alternatively, it is possible just to use those stars which have large amplitudes (say ∆V > 0.9), since these are the most likely to have an accurate determination for P . These two methods allow a consistency check to be made, and the magnitude of any of the systematic errors described above to be investigated.
DISCUSSION
Because the RR Lyrae populations of the Fornax globular clusters have not been previously investigated in a quantitative manner, it is useful to consider their characteristics. Much can be learned from the measurements we have made, even bearing in mind the uncertainties in the period fitting. As discussed in Section 3.4, it is possible to investigate and account for the systematic errors our procedure might introduce. Throughout the following Sections, Table 4 keeps a record of the calculations we discuss.
Specific frequencies
Each of the four Fornax clusters we have examined has a significant population of RR Lyrae stars. To investigate this quantitatively we calculate the RR Lyrae specific frequency, SRR, which is the number of RR Lyrae stars in a cluster normalized to a cluster absolute magnitude of MV = −7.5: Buonanno et al. (1998b) have noted that SRR for Fornax clusters 1, 2, 3, and 5 appears quite high relative to the Milky Way globular clusters.
We calculate SRR using the integrated luminosities for the four Fornax clusters derived by us from accurate surface brightness profiles (Mackey & Gilmore 2003b) . For the four clusters we obtained integrated luminosities log(L∞/L⊙) = 4.07, 4.76, 5.06, and 4.76 respectively. These correspond to F555W luminosities. Assuming the F555W solar magnitude to be V ⊙ 555 = +4.85 (Mackey & Gilmore 2003a) , we obtain absolute magnitudes of −5.33, −7.05, −7.80, and −7.05 for the four clusters. These are in good agreement with the values derived by Buonanno et al. (1985) , and the values listed by Webbink (1985) .
The specific frequencies for the four clusters are then SRR = 110.7, 65.1, 75.1, and 60.5, respectively. We note that these are lower limits, because we have not included information about detection completeness, or counted the candidate variable stars. We can account for completeness effects using the αc values in Table 2. To avoid unwarranted weighting by the few stars with very low completeness fractions, we set any αc values of less than 0.25 equal to 0.25. If we then assume that all the candidate variable stars are actually RR Lyrae stars, we obtain specific frequencies of SRR = 118.2, 70.5, 90.2, and 68.4. These are still lower limits, because in no cases did the WFPC2 observations cover an entire cluster. Hence, the samples of RR Lyrae stars are certainly incomplete, but in calculating SRR, we have normalized the NRR values to full cluster luminosities. Accounting for this effect is not trivial, because we do not know the spatial distribution of RR Lyrae stars in any cluster, and because the WFPC2 geometry is complicated. Given that we have imaged the centre of each cluster, we expect the NRR to be 80 − 90 per cent complete. Hence, the SRR values may be 10 − 20 per cent greater than quoted above.
These specific frequencies are extremely high compared to those for the galactic globular clusters. The catalogue of Harris (1996) lists only four of the ∼ 150 galactic clusters as having SRR > 60, and only two of these have SRR > 100. The largest value, that for Palomar 13, is SRR = 127.5. Given our sample incompleteness, it is very likely that Fornax 1 has SRR significantly greater than this. It is certainly intriguing that only a tiny fraction of galactic globular clusters have very high SRR, whereas all of the Fornax clusters we have investigated do -this is a fact worthy of further attention.
Oosterhoff classification
It is also instructive to investigate the relationship between the derived periods and amplitudes for our RR Lyrae populations. This can be done by plotting a period-amplitude diagram for each cluster. For galactic globular clusters, such diagrams fall naturally into two distinct groups -the Oosterhoff type-I and type-II clusters (OoI and OoII, respectively). Each group has characteristic properties, summarized in Smith (1995) . Furthermore, there is in general a close relationship between period and amplitude for the RRab stars in a cluster -namely that the shortest period RRab stars have the largest amplitudes, while those with the smallest amplitudes have the longest periods.
Period-amplitude diagrams for the four Fornax clusters are presented in Fig. 4 . RRab stars with good periods are plotted as filled circles, while those with lower limit periods are plotted as crosses. RRc stars are plotted as triangles -those with uncertain classification in Table 2 are hollow points, while the remainder are filled. From examination of these diagrams, evidence of the lower limit period problem is immediately clear. The crosses form a distinct population between the good RRab stars and the RRc stars in each diagram. Once good periods are determined for these stars, they will move into the regions occupied by the good RRab stars. In the best populated clusters, such as Fornax 3, evidence of the upper part of the RRab sequence can be seen, although the relationships certainly have significant scatter. Improved period measurements should tighten these sequences.
From the period-amplitude diagrams it is not possible to determine conclusively whether the Fornax clusters resemble either the OoI or OoII clusters, or (like the old LMC clusters and several dwarf spheroidal galaxies) have properties which lie somewhere in between the two (e.g., Pritzl et al. (2002) ). We can shed some light on this by calculating selected parameters for each of our RR Lyrae populations. Smith (1995) We calculated these parameters for the four Fornax clusters -the results are listed in Table 4 . Our Pc values cover the range 0.37−0.43 d, which are similar to those for OoII clusters. However, excepting Fornax 5, the fraction Nc/NRR ranges from 0.3 − 0.38 for the Fornax clusters, which is more similar to the intermediate LMC clusters than either of the Oosterhoff groups. Given the presence of the many RRab stars with lower limit periods, it does not make sense for us to calculate P ab using all our RRab stars ‡ . It is far more useful to calculate this quantity using only those RRab stars with good periods. If we do this, we obtain values in the range 0.57 − 0.61, again most similar to the intermediate LMC clusters. We must bear in mind however that these averages do not include many stars with long periods, since we have only measured lower limit periods for these stars. Hence, these mean values will likely increase once all stars have good periods.
One final discriminator we can use is the transition period Ptr of RRab stars -that is, the shortest period that this class of stars have in a given cluster, without being RRc stars. Given the inverse period-amplitude relation for RRab stars, those with the shortest periods have the largest amplitudes. Calculating P ab for our RRab stars with ∆P > 0.9 therefore provides a good estimate of Ptr. Smith (1995) lists Ptr = 0.43 for OoI clusters and Ptr = 0.55 for OoII clusters. Our values range from 0.54 − 0.58, which match the OoII clusters well.
Hence we can rule out the possibility that the Fornax globular clusters 1, 2, 3, and 5 resemble the galactic OoI type clusters. However, with quite a dispersion in their properties, it is not clear whether they do resemble either the OoII type clusters, or the intermediate LMC type clusters. Both Nc/NRR and P ab suggest an intermediate-type classification, while Pc and Ptr suggest a similarity to the OoII clusters. One explanation is that the Fornax clusters are, like the LMC clusters, of intermediate classification, but with somewhat different characteristics. This interpretation is consistent with the observation that the properties of RR Lyrae stars measured in the fields of dwarf galaxies classify these objects also as intermediate, but with a considerable range in properties (see e.g., Pritzl et al. (2002) ). Bersier & Wood (2002) have measured the properties of the field RR Lyrae population in Fornax, and find P ab = 0.585 and a mean RR Lyrae [Fe/H] ∼ −1.8 § . This metallicity is very similar to those for Fornax clusters 2 and 5 (see Section 4.6 and Table 4), which also have P ab ∼ 0.58. Clusters 1 and 3 are somewhat more metal poor, with [Fe/H] ∼ −2, and have slightly longer mean RRab periods -P ab ∼ 0.61. From the list in Pritzl, these are most similar to the Carina and Draco dwarf galaxies, which also have [Fe/H] ∼ −2, and P ab ∼ 0.62. In fact, § In fact, they measure [Fe/H] ∼ −1.6 on the Butler-Blanco metallicity scale, which is ∼ 0.2 dex more metal rich than the Zinn & West (1984) scale. We quote the metallicity on the latter scale for consistency with the measurements in Table 4. the Carina RR Lyrae stars have recently been studied in detail by Dall'Ora et al. (2003) , who find that P ab for these stars matches well the OoII clusters, but that Nc/NRR matches the OoI clusters -a similar situation to that for the Fornax clusters. These combinations are the strongest indicators that the Fornax globular clusters also deserve an intermediate Oosterhoff classification.
The strange case of Fornax 5
It is worth commenting briefly on cluster 5, which has somewhat exceptional properties. Specifically, it has a very large relative population of RRc stars, so that Nc/NRR = 0.68. This is significantly larger than any of the RR Lyrae populations listed in the compilation of Pritzl et al. (2002) , in which the largest belongs to the LMC cluster NGC 2257, with Nc/NRR = 0.50.
The period-amplitude diagram for Fornax 5 is also unusual, in that in addition to the well defined RRab and RRc groups, there appears a third group of four stars in the very lower left of the diagram. This group strongly resembles the putative RRe type stars (second overtone pulsators) identified by Clement & Rowe (2000) in ω Centauri. Although there has been some debate in the literature over the existence (or not) of such objects, there have been several instances of observational evidence (see the references in The mean amplitude of the ω Cen objects is slightly larger than 0.2 mag, which also matches the mean amplitude of the Fornax 5 candidates: ∆V ∼ 0.25 mag. Hence the two groups of stars occupy the same region on the period-amplitude diagram, and we conclude that the four Fornax 5 objects are good RRe candidates. We note that these four stars are among the five bluest RR Lyrae stars in this cluster, adding weight to the argument. There also exist several similar stars in clusters 2 and 3; however these do not seem as well separated on the period-amplitude diagrams as the cluster 5 stars, and we cannot claim them as RRe candidates with certainty.
Returning to the question of the large number of RRc stars in Fornax 5, even subtracting the four potential RRe stars from the calculation leaves Nc/NRR = 0.58 -still an unusually large value. It is interesting to note that Fornax 5 is unique in additional ways -it is in the very outer regions of the Fornax dwarf, and it is the only post core-collapse candidate in the system (Mackey & Gilmore (2003b) ). It seems difficult to imagine some link between the structure of the cluster and its RR Lyrae star population however, especially given that neither ω Cen nor NGC 2257 are exceptionally compact objects.
Reddening towards the Fornax globular clusters
It is a well known property of ab-type RR Lyrae stars that they have extremely similar intrinsic colours at minimum light, independent of metallicity: [(V − I)m]0 = 0.58 ± 0.03 (see e.g., Mateo et al. (1995) and references therein). This can be used to determine the line-of-sight reddening to a group of RRab stars. The validity of this technique has been demonstrated for RR Lyrae stars in the Sagittarius dwarf galaxy by both Mateo et al. (1995) and Layden & Sarajedini (2000) .
To apply this technique to the four Fornax clusters individually, we calculated the weighted mean (V − I)m for each sample of RRab stars, using the (V − I)m and σm measurements from Table 2 . We obtained (V − I)m = 0.68 ± 0.01 for Fornax 1, 0.65±0.01 for Fornax 2, 0.63±0.01 for Fornax 3, and 0.62±0.01 for Fornax 5. To investigate the possibility of systematic errors due to the lower limit periods, as described in Section 3.4, we recalculated these values -first using only RRab stars not flagged in Table  2 as having lower limit periods, and second using only RRab stars with ∆V > 0.9. The results are listed in Table 4 . As expected, for the most part the values calculated using all the RRab stars are slightly bluer than those which exclude the stars with lower limit periods. However, the offsets are not constant. We note that the recalculations for Fornax 1 and Fornax 5 each involved less than 5 stars (since several objects do not have (V − I)m measurements), so these two values are strongly subject to stochastic effects. Over the combined ensemble of all stars, the two recalculation values are 8 × 10 −4 mag redder and 3 × 10 −3 mag redder than the original calculation, respectively. We therefore conclude that the systematic effect is small (as predicted in Section 3.4), and we feel confident in using the four original values of (V − I)m quoted above.
It is then a simple matter to show that for the four clusters E(V − I) = 0.10, 0.07, 0.05, and 0.04. Errors in each of these values are ±0.01 random and ±0.03 systematic (from the value of [(V − I)m]0 determined by Mateo et al. (1995) ). Adopting the reddening laws calculated in Mackey & Gilmore (2003b) , we used these colour excesses to calculate AV and E(B −V ) for each cluster. All of these quantities are listed in Table 4 . The four E(V − I) values we obtained match previous measurements well. For example, Buonanno et al. (1998b) determined E(V − I) = 0.05, 0.09, 0.05, and 0.08 (all ±0.06) for the four clusters, using their red giant branches.
Horizontal Branch morphology
Quantitative measurements of the numbers and colours of RR Lyrae stars in the Fornax clusters allows a new determination of their horizontal branch morphologies and types. Fig. 5 shows a CMD of the HB region in each cluster. The RR Lyrae stars and candidate variables are plotted according to their identification -RRab stars are circles, RRc stars are triangles, and candidates are crosses. Stars with uncertain classification have hollow points (circles or triangles). For each cluster, the edges of the instability strip appear well defined. RRc stars fall toward the blue edge and RRab stars toward the red edge, although there appears to be some mixing of the two. This may be intrinsic, or it might be due to colour and classification uncertainties (although these effects should be small).
We note that Fornax 3 has four RR Lyrae type objects which are ∼ 0.5 mag brighter than the main HB. The identity of these objects is not clear. It might be that they are interlopers from the field of the Fornax dwarf itself -cluster 3 has the highest level of background stars of the four clusters considered here (Demers, Irwin & Kunkel (1994) ). Alternatively, they might be unusual cluster members, such as Population II cepheids or anomalous cepheids. Buonanno (1985) also identified one such candidate star in Fornax 3. We note that these four stars (F3V01, F3V07, F3V88, and F3V94) appear centrally concentrated, with three having radial distances r ≤ 16
′′ . This suggests that at least some of these stars are cluster members, and worthy of further investigation.
We can measure the intrinsic red and blue edges of the instability strip in each cluster from the colours of its RR Lyrae stars, and the colour excesses derived above. The four clusters seem particularly suitable for this type of measurement, with each possessing a very well populated horizontal branch (excepting cluster 1). Examining each edge, we see that in general there is some small mixing of variable and non-variable stars. In addition, in some cases (e.g., the red edge for Fornax 2) one variable star lies quite distinct from the remainder. To account for these two effects, we choose an "edge" to be the mean colour of the two most extreme variable stars. Using this definition, we have calculated the colours (V − I)RE and (V − I)BE of the red and blue edges for each cluster ¶ . These quantities are listed in Table 2 , along with their de-reddened counterparts. There is good agreement between the de-reddened measurements of the red edge. We obtain a mean (V − I)RE = 0.59 ± 0.02. The blue edge is more poorly defined. The HB for Fornax 1 does not extend to non-variable stars, so we can discount the measurement for this cluster. Similarly, while the Fornax 2 HB has a significant population of BHB stars, there is a gap at the blue edge of the RR Lyrae strip. Hence, (V − I)BE for this cluster is also ill-defined. For the well populated clusters Fornax 3 and 5, we obtain good agreement in the blue edge colour, with both having (V − I)BE = 0.28. Applied to Fornax 2, this value has excellent consistency, with the reddest non-variable BHB ¶ We did not include the four "bright" variable stars in the calculation for Fornax 3. stars having intrinsic colours V − I ∼ 0.27. We therefore adopt a mean (V − I)BE = 0.28 ± 0.02.
Finally, we can calculate the index (B − R)/(B + V + R) of Lee, Demarque & Zinn (1994) (hereafter referred to as the HB type). In this quantity, B is the number of BHB stars in a cluster, R is the number of RHB stars, and V the number of HB variable stars -in our notation these are NBHB, NRHB, and NV HB respectively. In general, NV HB = NRR, because we include N cand in the count, and have the possibility of excluding some of the stars counted in NRR -e.g., the four bright variables in Fornax 3. If we initially ignore the possibility of field star contamination, we count NRHB as the number of stars with 20.8 < V < 21.7 and 0.59 < (V − I)0 < 0.77. The red edge was chosen after careful consideration of the CMDs from the cluster centres, so as not to include any RGB stars. The value is in excellent agreement with that adopted for M54 by Layden & Sarajedini (2000) . The BHB stars are easier to count, since this is an isolated area in each cluster's CMD. We estimated the errors in NRHB and NBHB by counting the number of stars lying close to the edges of the defined regions. This gives some idea of the number of stars which might have been scattered in or out of these regions. We estimated the error in NV HB by counting the number of non-variable stars lying in the RR Lyrae strip, and adding this to N cand . This accounts Figure 6 . HB type versus metallicity diagram for the galactic globular clusters and the Fornax clusters from the present paper. The galactic clusters are split into three subsystems according to the criteria of Zinn (1993) . The Fornax clusters are most similar to the galactic young halo population. The overplotted isochrones are from Rey et al. (2001) and constitute the latest versions of the Lee et al. (1994) synthetic HB models. The two lower isochrones are respectively 1.1 Gyr and 2.2 Gyr younger than the top isochrone.
for stars which we may have mis-identified as variable, or variable stars which were missed by our detection procedure. All star counts are listed in Table 2 .
Using these quantities, we measured HB types of −0.30 ± 0.04, 0.42±0.05, 0.40±0.05, and 0.52±0.04 for the four clusters. The errors were derived using the quadrature formula in Smith et al. (1996) . Our measurements are in reasonable agreement with the values derived by Buonanno et al. (1998b) using the same WFPC2 observations, but different numbers of variable stars (see Section 3.3). However, there is the possibility that our counts as described above have been contaminated by field stars, especially for clusters 2 and 3, which lie against significant backgrounds (see e.g., Demers et al. (1994) ). In particular, these two clusters seem to have quite well populated red clumps on the RGB near the RHB, and it is therefore likely our measured HB types are too red. We have no nearby field observations, so to try and account for this we recalculated the HB index for each cluster using only stars measured on the PC, where the cluster centres are imaged. In this case we derived HB types of −0.38 ± 0.06, 0.50 ± 0.05, 0.44 ± 0.05, and 0.52 ± 0.05, respectively. The calculation for cluster 1 involves small numbers of stars, and we prefer the original value. For the other three clusters, it is clear that Fornax 5 has not suffered any contamination (as expected -this cluster lies well separated from the dwarf galaxy), but Fornax 2 and 3 possess some small field star contamination. For these two clusters we prefer the HB types as calculated from the PC, rather than the original values.
Additionally, we note that the CMD for cluster 1 presented by Buonanno et al. (1996) apparently shows several HB stars bluer than V − I ∼ 0.3, whereas these stars are not present in our data.
Hence our derived HB type for this cluster may be too red. It is possible that the WFPC2 observations did not include the region of Fornax 1 containing the BHB stars; however we find this explanation unlikely since the images cover ∼ 75 per cent of the cluster, including its core. Even so, adding several BHB stars to the calculation does not produce a large effect. Four stars would move the HB type to ∼ −0.1, still in reasonable agreement with our preferred value.
These measurements confirm the existence of a "second parameter" effect among the Fornax globular clusters, as highlighted previously by several authors (Smith et al. 1996; Buonanno et al. 1998b) . For example, clusters 1 and 3 have very similar metallicities (see Table 2 ), but extremely disparate HB morphologies. In Fig. 6 we plot a HB type versus metallicity diagram to highlight this result. Lee et al. (1994) have suggested that age differences can mostly account for second parameter variations in HB type, in that younger clusters possess redder horizontal branches at given [Fe/H]. Zinn (1993) split the galactic globular clusters by metallicity and HB type into three distinct groups. The most metal rich clusters are associated with the bulge and thick-disk of the galaxy, and the most metal poor with the halo. The halo clusters are subdivided into "young" and "old" groups on the basis of their HB type. From Fig. 6 it is clear that the Fornax clusters are most similar to the galactic young halo clusters. This is compatible with the assertion of Zinn (1993) that the young halo clusters have likely been accreted by the galaxy through merger events with satellite dwarf galaxies. Buonanno et al. (1998b) have measured the ages of Fornax clusters 1, 2, 3, and 5 to be identical to within ±1 Gyr, and equally coeval with the metal-poor galactic globular clusters M68 and M92. The isochrones overplotted on Fig. 6 show that based on HB type, the Fornax clusters should be more than 1.1 Gyr younger than the galactic old halo clusters, and moreover should have an internal age spread greater than ∼ 1.1 Gyr (in that Fornax 1 should be younger). If the Buonanno et al. (1998b) ages are correct, then it is possible that age is not the sole second parameter operating in the Fornax clusters. Bearing in mind the extreme difference highlighted in Section 4.1 between the specific frequencies of RR Lyrae stars in the Fornax and galactic globular clusters, and the way that the HB index is defined, it seems likely that the relative number of RR Lyrae stars in a cluster has a significant bearing on the measured HB type. It is certainly interesting to note that the four galactic globular clusters with SRR > 60 are all members of the galactic young halo population.
Distance and structure of the Fornax dwarf
Using the mean V magnitudes we measured for the RR Lyrae stars, it is also possible to determine a distance modulus to each cluster. To do this, we need to know the absolute magnitude MV (RR) of the RR Lyrae stars. This quantity is a function of metallicity, so that more metal poor stars are intrinsically brighter. We adopt the relation from the review of Chaboyer (1999) :
which includes Hipparcos results. This is the same relation used by Layden & Sarajedini (Layden & Sarajedini 2000) to determine the distance to M54 and the Sagittarius dwarf galaxy. We note that the relation has an uncertainty of ±0.12 mag in the zero-point term, reflecting the discrepancies which exist between the different techniques to determine MV (RR). To obtain metallicities for each cluster, we used the recent measurements and literature collation of Strader et al. (2003) . From their Table 5 , we calculated the mean measured metallicity for each cluster. This combines the results of several different measurement techniques, ranging from integrated spectroscopy to the slope of the RGB. For the four clusters, we obtain [Fe/H] = −2.05 ± 0.10, −1.83 ± 0.07, −2.04 ± 0.07, and −1.90 ± 0.06. This results in RR Lyrae absolute magnitudes of MV (RR) = 0.46 ± 0.02, 0.51 ± 0.02, 0.46 ± 0.02, and 0.49 ± 0.02, respectively. The next step is to obtain a mean V RR Lyrae magnitude, V (RR) for each cluster. We determined these from the V measurements in Table 2 . Stars with V deviant by more that 2σ were not included in the final average. The mean V magnitudes so obtained are listed in Table 4 . Using the extinction values calculated above, together with the RR Lyrae absolute magnitudes, we then determined a distance modulus for each cluster. These results are also listed in Table 4 . The mean distance modulus is 20.66 ± 0.03 mag, which is in good agreement with previously determined values. In particular, Buonanno et al. (1999) obtain an estimate of 20.68 ± 0.20 to the centre of the Fornax dwarf (i.e., cluster 4) after a thorough discussion of several techniques and literature measurements. We note that the uncertainties quoted for our results are due to random errors only, and that there are also systematic errors totalling approximately ±0.15 mag.
In addition we briefly investigated the likelihood that our V (RR) values are systematically too faint, based on the discus-sion in Section 3.4. We recalculated V (RR) using only RRab stars, then only RRab stars with good periods, and then only RRab stars with ∆V > 0.9. These values are also listed in Table 4 . On average, the V (RR) calculated using all the RRab stars are ∼ 0.03 mag fainter than those calculated using the RRab stars with good periods, and ∼ 0.04 mag fainter than those calculated using the RRab stars with ∆V > 0.9. This demonstrates exactly what we argued in Section 3.4 -that we expect a systematic error in V (RR) due to our short observation baselines. If we include the RRc stars in our calculations, the offsets are moderated somewhat. The two worst affected clusters are Fornax 3 and 5, which may have distance moduli 0.03 mag closer than those we have quoted.
Our distance moduli correspond to distances of 130.6 ± 3.0 kpc, 136.1 ± 3.1 kpc, 135.5 ± 3.1 kpc, and 140.6 ± 3.2 kpc for the four clusters. Again, the quoted uncertainties reflect random errors only. These measurements are consistent with, but do not require, a significant line of sight depth to the Fornax system, with a value of ∼ 10 kpc. The outlying clusters are Fornax 1 and 5, which are also the clusters with the greatest angular separation from the centre of the Fornax dwarf (see Mackey & Gilmore (2003b) ). We note that if Fornax 5 is indeed 0.03 mag closer than we have listed above, the line of sight depth shrinks slightly to ∼ 8 kpc. Demers et al. (1994) obtained a tidal radius for Fornax of rt = 77 ± 10 arcmin along the minor axis, and an ellipticity of 0.27 at this radius. Hence the tidal radius along the major axis must be 105 ± 14 arcmin. These radii correspond to linear distances of 7.0 ± 0.9 kpc and 9.6 ± 1.3 kpc at our mean distance modulus of 20.66. These are of a similar magnitude to the ∼ 4.5 kpc radius obtained from our line of sight depth, suggesting that Fornax is close to spherical. This lack of extended line of sight depth argues against models of dSph galaxies which invoke very large line of sight depth and/or tides to explain the observed high stellar velocity dispersions. Other recent studies have reached a similar conclusion (e.g., Klessen, Grebel & Harbeck (2003) , who studied the thickness of the Draco dSph HB). It seems most likely that dSph galaxies with high stellar velocity dispersions constitute dark matter dominated systems.
SUMMARY AND CONCLUSIONS
We have identified and measured 197 RR Lyrae stars in four of the globular clusters in the Fornax dwarf galaxy, using archival WFPC2 observations. We also located 13 variable HB objects, which are likely RR Lyrae stars. A typical star in our sample has 14 paired F555W and F814W observations spread over ∼ 0.36 days. Such a short baseline has compromised our ability to measure accurate periods for ∼ 50 per cent of the RRab type stars we identifiedfor these objects we instead calculated lower limits for the oscillation periods and amplitudes. Nonetheless, we have successfully determined periods for all the RRc and 50 per cent of the RRab stars in the ensemble. We also present measurements of mean magnitudes and colours for all the objects in our sample, and discuss the introduction of systematic errors into these calculations due to our short observational baseline. This is the first time that RR Lyrae stars have been identified in these clusters, and quantitative measurements of their variability presented. Naturally, additional observations at more than one epoch will be extremely useful in refining our classifications and measurements, and in particular in allowing good periods to be determined for all stars.
Even given the difficulties associated with measuring periods for some of the sample, we have been able to obtain a large amount of useful information about the Fornax globular clusters from the RR Lyrae stars. The specific frequencies of the four clusters are exceptionally large in comparison to those for the galactic globular clusters. All of the four Fornax clusters have SRR > 80, while only four of the ∼ 150 galactic clusters have such large values. It is likely that Fornax 1 has the largest specific frequency ever measured in a globular cluster. The Fornax clusters are also unusual in that their RR Lyrae populations possess mean properties which lie intermediate between the two Oosterhoff groups defined by the galactic globular clusters. In this respect the RR Lyrae stars in the Fornax clusters are similar to those in the old LMC clusters, but most resemble the field populations of several dwarf galaxies. Fornax cluster 5 stands out in having an extremely high fraction of RRc stars (Nc/NRR ∼ 0.6), and possessing four strong RRe (second overtone pulsator) candidates.
Using the mean RR Lyrae colours at minimum light, we have measured colour excesses and line of sight extinction values towards the four clusters. With a significant catalogue of HB variable stars, we have also been able to provide new estimates of the HB morphology in the these clusters. We have confirmed the presence of the second parameter effect, in particular between clusters 1 and 3, which have identical metallicities and ages, but extremely different HB morphology. The HB morphologies of the Fornax clusters are in general redder than many galactic clusters of similar metallicity -in this respect they most resemble the "young" galactic halo population. We also find good agreement between measurements of the intrinsic red and blue edges to the instability strip at the HB. We determine (V −I)RE = 0.59±0.02 and (V −I)BE = 0.28±0.02.
Finally, we have used the mean RR Lyrae brightnesses to determine the distance to the Fornax dwarf galaxy. We measure a mean distance modulus of (m − M )0 = 20.66 ± 0.03 mag, which is in excellent agreement with previous measurements. Our calculations are consistent with a line of sight depth of ∼ 8 − 10 kpc for the Fornax dwarf galaxy. This value is in good accordance with the dimensions of this galaxy as measured in the plane of the sky, and argues against the tidal-remnant models of dSph galaxies which are invoked to explain their observed internal stellar dynamics.
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